ABSTRACT This paper presents the calculation analysis of the electromagnetic characteristics in doublefed linear motor (DFLM). First, the one-dimensional electromagnetic field model of DFLM is established. In addition, the analytical formulas of airgap magnetic field and average electromagnetic thrust are derived in the condition of full-filled and half-filled endslots DFLM. To elaborate the reason why longitudinal dynamic end effect is neglected, the composition of airgap magnetic flux density is detailedly analyzed. Second, the simulation waveforms of airgap magnetic flux density are obtained by modeling and simulating the short rotor DFLM with ANSYS EM, which are compared with analytical results of linear induction motor (LIM). The analysis results show that the airgap magnetic field of DFLM, unlike LIM, is mainly composed of two fundamental travelling magnetic fields caused by stator and rotor, and the end effect wave has little influence on the magnetic field distortion.
I. INTRODUCTION
The iron cores and windings arranged in slots of linear motor has limited length and discontinuous ends, resulting in longitudinal end effect. The end effect will increase additional loss and reduce motor efficiency, especially the LDEE caused by the relative motion of stator and rotor. LDEE changes correspondingly with airgap length and operating speed, which has great influence on motor performance [1] .
Considerable attention has been paid to the study of LDEE on full-filled slots LIM. Many scholars have made major progress. In [2] , the distribution of airgap magnetic field has been analyzed in long stator double-sided linear induction motor using electromagnetic field theory. The finite element simulation results show that LDEE on motor of this type has little influence at high speed. In [3] , the influence of LDEE on short stator double-sided linear induction motor is analyzed by the method of electromagnetic field analysis. The analysis results show that when motor of this type operates at high speed, entry-end airgap magnetic flux density is weakened while exit-end is enhanced. Remarkably, the amplitude of airgap magnetic flux density increases linearly from entryend to exit-end. In [4] , comparison has been made between the above two types' motor taking account of LDEE, including the fundamental traveling wave field, entry-end and exitend effect wave magnetic fields. The characteristics of each component are analyzed in detail.
However, owing to the special structure of DFLM, different from the above motors, it is necessary to derive the analytical formulas of airgap magnetic flux density considering LDEE characteristics, which will provide basis for the motor design and control.
The paper is organized as follows: In Section II, onedimensional electromagnetic field model of DFLM is established, after that, analytical formulas of airgap magnetic flux density of full-filled and half-filled endslots DFLM are derived. In Section III, motor models are established with finite element simulation by ANSYS EM. The airgap magnetic flux density waveforms are presented, which are compared with LIM to analyze the differences of distributions of airgap magnetic field between DFLM and LIM. A conclusion and an outlook for this contribution are given in Section IV.
II. MODELING OF MAGNETIC FIELD OF DOUBLY FED LINEAR MOTOR A. STRUCTURE AND OPERATION PRINCIPLE OF DFLM
As shown in Fig. 1 , DFLM is a special type of linear motor, the features of which lie in the stator and rotor side both filled with three-phase windings.
When the stator and rotor windings of DFLM are powered into three-phase alternating currents, a traveling wave magnetic field is generated in the airgap between stator and rotor. The interaction between conductor currents and traveling wave magnetic field produces electromagnetic thrust, which will make rotor move in the direction of traveling wave field.
As for rail train equipped with DFLM, the stator side is laid on track, and rotor side is installed beneath the vehicle. The train speed can be adjusted by controlling the rotor current directly on the vehicle, or controlling the stator current on the ground. More importantly, by the strategy of bilateral control, energy storage devices installed in the vehicles can store energy at the stage of sub-synchronous acceleration, supersynchronous braking and sub-synchronous stable operation, which supplies energy to the vehicle equipment. Undoubtedly, compared with ordinary linear motor, the control on speed and energy storage of DFLM are more flexible.
B. ESTABLISHMENT AND SOLUTION OF AIRGAP MAGNETIC FIELD EQUATION OF DFLM
Neglecting the transverse end effect, the airgap magnetic field of motor is simplified from three dimensions to two dimensions. Since the airgap length is small or relatively smaller than the pole pitch of motor, one-dimensional field analysis of the airgap magnetic field can meet requirement, and simplify the calculation. Thus one-dimensional field analysis is applied in this paper.
Setting the following conditions: the relative permeability of iron cores is infinitely large, and the conductivity of iron cores is 0; the winding currents vary with sinusoidal form; ignore iron core saturation, hysteresis loss and skin effect on the conductor surface; windings currents are replaced with surface current layers, and only currents' fundamental component is considered [5] . Above all, the simplified onedimensional electromagnetic field model of DFLM is shown in [6, Fig. 2 ].
As shown, pole pitch is τ , number of pole pairs of rotor is p, rotor length is L, rotor speed is v x , relative permeability of iron core is µ r , airgap length is g, reference coordinate system is fixed at the left-end of rotor and moves with rotor. The airgap magnetic field is divided into three parts: the airgap magnetic field region II (0 < x < 2pτ ) generated by the interaction of stator and rotor current, and the magnetic field region I (x < 0) and III(x > 2pτ ) generated by stator separately.
The fundamental equation of electromagnetic field for motor is [7] :
In the above equation, H is magnetic field intensity, andJis current density.
1) ESTABLISHMENT AND SOLUTION OF AIRGAP MAGNETIC FIELD EQUATION OF FULL-FILLED SLOTS DFLM
When DFLM winding is structured as double-layer winding, the motor end can only be a half-filled slot. Firstly, we will analyze the ideal full-filled slots DFLM, stator and rotor current layer are:
where J 1 and J 2 are the amplitude of stator and rotor traveling wave current layer, w 1 and w 2 are stator and rotor current angular frequency, s is the slip ratio,
is the stator current phase angle, θ is rotor current phase angle, θ = vπ t/τ .
Generally, rotor current layer exists in the rotor iron core range while stator current layer exists in the entire x axis range. The relationship between traveling wave current layer and winding current is as follows.
where J 1 and J 2 are the amplitude of stator and rotor traveling wave current layer, m 2 is the number of phase of rotor winding, W 2 is the total series turns per phase of rotor, K w is the rotor winding factor, k d2
is the distribution factor of rotor, k p2 is the pitch factor of rotor, q 2 is the number of slots per phase of rotor, y is the rotor pitch, equal to the stator pitch α 2 is the equation of rotor slot-pitch angle,
is effective value of rotor phase current.
Stator conversion relationship is similar to rotor:
where m 1 is the number of phase of stator windings, W 1 is the total series turns per phase of stator, K w1 is stator winding factor, k d1 is distribution factor of stator, k p1 is pitch factor of stator, q 1 is the number of slots per phase of stator, α 1 is the equation of stator slot-pitch angle,
is the effective value of stator phase current.
In the region II, according to the Ampere Circuital Theorem along the closed loop:
where g m is the equation of equivalent electromagnetic calculation airgap,
is the airgap coefficient considering slot effect, k µ is iron core saturation factor, µ 0 is vacuum permeability, B 2y is the y axis component of magnetic flux density in the region II.
Substituting (2) into (7), the expression of airgap magnetic flux density can be written as:
Unlike LIM [8] , the airgap magnetic field of DFLM consists of two parts. In (8) , the first part is the stator traveling wave magnetic field B 2y 1 associated with the stator excitation source. Its magnitude is B 1 = −J 1 µ 0 /jkg m only related to the motor structure and the stator windings distribution. The second part is rotor traveling wave magnetic field B 2y 2 associated with the rotor excitation source. Its magnitude is B 2 = −J 2 µ 0 /jkg m only related to the motor structure and the rotor windings distribution. B 2y 1 and B 2y 2 are unattenuated traveling waves with wavelength of τ and wave velocity of 2τ f, by which the synthetic magnetic field is not distorted. From the analysis above, it can be seen that the influence of entry-end and exit-end effect wave of LDEE on DFLM can be ignored.
The electromagnetic thrust of DFLM can be seen as the thrust acting on rotor, which is generated by the interaction of airgap magnetic fields and winding currents. Based on the above equation of airgap magnetic field, the analytic equation of the average value of electromagnetic thrust can be expressed as follows:
where j * 2 is the conjugate complex of rotor current; b is the width of stator iron core.
2) ESTABLISHMENT AND SOLUTION OF AIRGAP MAGNETIC FIELD EQUATION OF HALF-FILLED ENDSLOTS DFLM
The motor end is a half-filled slot, which will affect the magnetic field at the end of the motor. Because of the long stator part, the influence of half filled slot can be ignored. However, the rotor part is shorter, so the effect should be considered. The shorter the rotor, the greater the influence.
Considering the rotor containing half-filled endslots only, the stator and rotor current layer are:
In region II, according to the Ampere Circuital Theorem along the closed loop:
Differential equation (11) solved, the expression of airgap magnetic flux density is written as:
Then, we derive a piecewise definite integral analytical equation of the average value of electromagnetic thrust :
C. ANALYSIS OF CHARACTERISTICS OF AIRGAP MAGNETIC FLUX DENSITY
Analytical formulas (8) and (12) indicate that the airgap magnetic flux density of DFLM is a function of slip ratio s and rotor position x. Then, the variation of airgap magnetic field with these two variables is analyzed combining threedimensional and two-dimensional images. The main parameters of DFLM is shown in Table 1 . The waveforms of airgap magnetic flux density in DFLM, operated at the synchronous speed 31.5m/s, slip rate VOLUME 7, 2019 fig.4 (a) and (b) , respectively. The black one is the waveform of full-filled slots DFLM, while the red one is the waveform of of half-filled endslots DFLM. By comparison, half-filled endslots structure weakens the airgap magnetic field in rotor ends.Combined with Fig.3 , it can been seen that as for DFLM, both stator and rotor magnetic traveling wave magnetic field change at the same frequency according to sine signal. There is no distortion in synthetic airgap magnetic field. The airgap magnetic flux density is not affected by slip rate.
III. SIMULATION AND ANALYSIS BASED ON FINITE ELEMENT METHOD
In order to verify the theoretical analysis of DFLM as well as to study the distribution of airgap magnetic field and the influence of airgap length on motor performance, the models of full-filled and half-filled endslots DFLM are respectively established with ANSYS EM [9] . By comparing the two-dimensional finite element simulation results with one-dimensional analytical calculation values, theoretical analysis is verified. In addition, the influence of end effect on the air gap magnetic field of two kinds of motors is compared and analyzed.
A. SIMULATION ANALYSIS OF THE AIRGAP MAGNETIC FLUX DENSITY
To ensure that the motor always operates in double-fed state, the stator power frequency, the rotor power frequency, and the motor speed should satisfy equation f 1 = f 2 + v/2τ . In simulation, the stator current frequency is 50 Hz, and the synchronous speed is 31.5m/s. When s = 0.2, the corresponding speed is 25.2m/s and rotor current frequency is 10Hz; when s = 0.8, the corresponding speed is 6.3m/s and rotor current frequency is 40Hz. The airgap magnetic flux density of fullfilled and half-filled endslots DFLM within 2pτ range are shown in Fig.5 and Fig. 6 .
The sawtooth spikes occurred in Fig.5 and Fig.6 are caused by the motor slot effect. Because there are slots on both stator and rotor of DFLM, the slot effect is more significant than ordinary linear motor. Fig. 5 (a), (b) and Fig.6 (a) , (b) show that the change of slip ratio does not affect the airgap magnetic field. In the rotor coverage area, the airgap magnetic field's peak value has little attenuation and distortion. In other words, the end effect is very little. The two-dimensional finite element simulation results consist well with the analytical calculation results.
In Figure 7 , the end effect of short primary LIM is simulated and analyzed. The primary slots size and length of the motor are set to be the same as the rotor of the DFLM. By comparison, when the short stator LIM operates at a high speed, the LDEE is relatively obvious [10] - [12] . At the entrance of the LIM, the electromagnetic field is weakened, and there is an obvious swearing effect at its end. Thus, there is a great difference in the distribution of airgap magnetic field between the DFLM and the short primary LIM.
B. INFLUENCE OF AIRGAP LENGTH ON MOTOR PERFORMANCE 1) INFLUENCE OF AIRGAP LENGTH ON SLOT EFFECT
Because there are slots on both stator and rotor of DFLM, the airgap length between stator and rotor is an important parameter affecting the slot effect. In simulation, the power supply frequency of stator is 50Hz, correspondingly, the synchronous speed is 31.5m/s; the running speed is 22.05m/s. The airgap length is set as 8mm and 12mm to observe the slot effect.
It can be seen from the simulation results in Fig. 8 that while reducing the airgap length, the airgap magnetic flux density increases, also the slot effect is significantly exacerbated. This change results in the distortion of travel- ling magnetic fields in the airgap, which affects the motor performance. When g = 8mm, the average magnetic field distortion of is about 0.4T, and that of g = 12mm is about 0.16T. The magnetic field distortion of g = 12mm is smaller, which is more suitable for the practical application. Thus, the slots effect should be taken into account for the design and control of DFLM.
2) INFLUENCE OF AIRGAP LENGTH ON ELECTROMAGNETIC THRUST
Compared with the ordinary motor, DFLM has thicker airgap. Therefore the influence of airgap on the electromagnetic thrust is more obvious [14] .
Airgap with 7 to 13mm length and 1mm interval is set to simulate the thrust performance of DFLM. Fig.9 shows that, at the running time of 0.1s, the motor average thrust level are 15.9543KN(g = 9mm) and 13.4597KN(g = 12mm), respectively. The simulation process under different airgap has same patterns, so it's not described in this paper. According to the simulation and analytical calculation data, the airgap and thrust diagram is plotted in Fig.10 .
As shown in Fig.10 , analytic calculation value fits well with simulation data. The diagram basically reflects the relationship between the airgap and thrust of DFLM. The airgap and thrust diagram shows that the electromagnetic thrust decreases while the airgap length increases. There is an inverse relationship between these two parameters. When the airgap increases to a certain length, the extent of thrust reduction became smaller.
In conclusion, as for DFLM, the increase of airgap length enhances reluctance in the magnetic circuit between stator and rotor, resulted in the decrease of airgap magnetic flux density and thrust. However, when the airgap is thinner, the slot effect on airgap magnetic flux density has greater influence, which causes great thrust ripple. Comprehensively, it is necessary to set proper length of airgap considering motor operation environment and avoiding great thrust ripple.
IV. CONCLUSION
This contribution describes analytical formulas of airgap magnetic flux density and electromagnetic thrust by building up the one-dimensional electromagnetic field model of DFLM. According to these formulas, the relationship between motor performance and airgap length has been analyzed. The two-dimensional finite element simulation combined with the calculated data show that, unlike LIM, airgap magnetic field of DFLM is mainly composed of fundamental traveling wave magnetic field of stator and rotor, and the magnetic field of end effect wave is weak. Obviously, DFLM specializes in bilateral winding structure and power supply mode which can effectively avoid the producing of LDEE. However, the influence of slot effect on DFLM is obvious. Thus slot effect should be reduced as much as possible while designing DFLM, and also should be taken into account when the requirement of control accuracy is high.
